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Abstract 
Geochemical monitoring was performed on dilute CO2-rich water as a natural analogue study of CO2 geologic 
storage. Field measurement and sampling for dissolved ions analyses and isotope analysis were carried out from July 
of 2009 to November of 2010. Spring and groundwater samples were classified into diluted CO2-rich water (average 
pH=4.6, EC=151 S/cm), concentrated CO2-rich water (average pH=6.1, EC=1,301), and ordinary groundwater 
(average pH=6.6, EC=201). pH, EC and dissolved major ions were not changed noticeably during monitoring period 
which indicates that reservoir of CO2-rich water was not affected by changes of surface condition and recharged 
groundwater. pH and EC of diluted CO2-rich water from this study area is lowest value among the CO2-rich waters 
from South Korea. On the other hand, concentrated CO2-rich water was also observed in 5 km north of diluted CO2-
rich water of Daepyeong area. Carbon isotope ratio ( 13C) of concentrated CO2-rich water is -7.4  and average 13C 
of diluted CO2 rich water is -7.2  which indicates that the CO2 source of concentrated and diluted CO2-rich water 
could be closely related. The result of simple mixing model revealed that low pH and high TDIC (Total Dissolved 
Inorganic Carbon) concentration of diluted CO2-rich water was not explained by simple mixing between groundwater 
and concentrated CO2-rich water. Therefore, inflow of excess CO2 and/or secondary accumulated CO2 should be 
applied CO2-rich water system in Daepyeong area and reacted with host rock. A batch kinetic model was applied for 
simulating the ion concentration, pH and TDIC of diluted CO2-rich water after reacting with groundwater, rock and 
high CO2 condition (50.2 mmol/L). As a result of batch kinetic model, Na+ and K+ concentration of DPw-4 sample 
was reached in about 20 years. Conclusively, low EC, dissolved ions and high TDIC contents of dilute CO2-rich 
water indicate that water-rock interaction has been took place in short period of time after input of CO2. The result of 
this study implies that shallow groundwater quality except pH could not change significantly in the early stage of 
leakage of CO2. The water-rock reaction rate might not be fast enough in surface environment.  
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1. Introduction 
CO2-rich water has been studied for better understanding the long-term geochemical behavior of CO2-
water-rcok interaction in geologic formation after CO2 geologic storage. CO2-rich water could be 
appropriate natural analogue of CO2 storage over a range of geologic time scale [1, 2] because CO2-rich 
water is the sole example of natural CO2-water-rock interaction over the thousand years. In addition, the 
study of CO2-rich water could be used as study for leakage pathways and development of monitoring 
technology. The most of CO2-rich water has been yielded from the area related to the fractured aquifer, 
thus this fracture could be main leakage pathway if CO2 stores adjacent to this reservoir. In other words, 
the aquifers of CO2-rich water are proven leakage path ways from deep storage formation. Thus, the 
geochemical properties as well as hydrological data must be collected and managed before site selection 
and CO2 injection. On the other hand, geochemical studies on CO2-rich springs provide a unique 
opportunity to developing monitoring technique by the countries planning CO2 storage, such as South 
Korea. The developing trend of geochemical monitoring technique for detecting CO2 leakage includes 
selection of key parameters, developing analyzing technique of natural tracers such as carbon isotopes 
and noble gases, and cost and labor reducing technique by automation.  
The objective of this study was to elucidate CO2-water-rock interactions controlling the CO2-rich 
water and groundwater chemistry using chemical, stable isotope, and geochemical modeling. CO2-rich 
water from Daepyeong area showed very low pH and EC which is exceptional case of CO2-rich water. 
This study could provide an idea of geochemical processes early stage of leakage and/or the effect of 
shallow groundwater chemistry after dry CO2 leakage.  
2. CO2 rich waters in South Korea 
About 50 CO2-rich water was reported in South Korea and most of them are spring water. Otherwise, 
some groundwater water wells for CO2-rich water often developed for bottling natural water or 
recreational resources. It was also reported that the flux of CO2-rich spring dose not change significantly. 
Hot or cold geysers caused by changes of CO2 inflow and phase changes were not observed in South 
Korea. Most of CO2-rich water are not directly related to the volcanism except CO2-rich water in Jeju 
island. According to the result of noble gas analysis by Jeong et al [3, 4], the origin of CO2 and noble 
gases from CO2-rich water of inland of South Korea are mantle, crust and their mixture. These CO2-rich 
water were classified by pH, EC (Electrical Conductivity) and TDIC (Total Dissolved Inorganic Carbon). 
In general, when large amount of CO2 is supplied to groundwater aquifer, CO2 dissolves and forms 
carbonic acid, and hydrogen ion consumed by water-rock interaction, and then this process buffers pH. 
Therefore, relationship between pH and EC could be positive within neutral pH. In addition, TDIC 
increases with increasing pH for the same reason. However, pH and EC of CO2-rich water from 
Daepyeong area were very low and outside of pH-EC trend of South Korea (Fig. 1A). Also, the 
relationship between pH and TDIC of Daepyeong area is different to that of CO2-rich waters from other 
area of South Korea (Fig. 2B). In this study, we focused on the low pH and diluted CO2-rich water and 
monitored for about a year in order to explain the geochemical processes in shallow part of CO2-rich 
water reservoir of Daepyeong area.  
3. Geochemical monitoring on CO2 rich water in Daepyeong area 
Geochemical monitoring on CO2-rich water has performed in Daepyeong area from July of 2009 to 
November of 2010. Daepyeong area located in the middle part of South Korea and about 15 km north of 
Daejeon city (Fig. 2). The geology of the study area mainly consists of Precambrian gneiss and Jurassic 
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granite (Fig. 2). Most of springs and wells of CO2-rich water located along contact line between gneiss 
and granite. Granite comprise of K-feldspar (up to 58%), quartz (up to 40%), plagioclase and biotite. 
Fractures observed in the base of CO2-rich springs (DPs-1, 2: Fig. 2), and CO2 bubbles degassed from this 
fractures. Fault was reported in about 15 km north of this area, but the relationships between this fault and 
fractures observed in this area was not obvious. The study site was near the Keum River, however, 
Daepyeong watershed was not connected directly Keum River. Small stream flows from north to south in 
this small watershed, so groundwater recharged from north mountainous area where DPs-3 (Fig. 2; 150 m 
above sea level) was located.  
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Fig. 1. The relationships between pH versus EC (A), and pH versus TDIC (B) of CO2-rich water from South Korea 
 
 
Fig. 2. The location and geologic map of the study area 
 
For this study, 3 spring and 10 groundwater wells were selected for monthly monitoring site. Among 
these location, 2 spring (DPs-1, 2) and 7 groundwater (DPw-1, 2, 3, 4, 5, 8, 10) well yield CO2-rich water 
and 1 spring (DPs-3) and 3 groundwater (DPw-6, 7, 9) were ordinary spring and groundwater samples 
from periphery site (Fig. 2). Most of CO2-rich water are used for domestic purposes. Many people take 
CO2-rich water with big bottle and used for drinking and/or bathing. Exceptionally, DPw-8 (Fig. 2) well 
was used for public bathing. Water usage was irregular and complex, so it was hard to measure the water 
usage or pumping rate in this area because many people uses these CO2-rich groundwater. Therefore, 
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hydrology of this area could be disturbed. The depth of CO2-rich groundwater wells is 50~80 m except 
DPw-8 (depth=600 m), and depth of three ordinary groundwater well is around 100 m.  
Sampling and field measurement were undertaken after purging several minutes. Spring water samples 
were taken by peristaltic pump and groundwater were sampled from tap used in residence. Unstable 
parameters such as temperature, pH, EC, dissolved oxygen (DO) were measured in situ using potable 
meters. Samples for alkalinity measurement was collected by stopper glass bottle and measured using the 
Gran titration technique in laboratory of KIGAM (Korea Institute of Geoscience and Mineral resources) 
within 6 hours. Dissolved carbon species (H2CO3, HCO3-, CO32- and TDIC) were calculated considering 
temperature and pH measured in situ by PHREEQC. Because alkalinity is conservative parameter, 
alkalinity values measured in field and in laboratory were not significantly different. The charge balance 
values of most of samples were less than 5%, so alkalinity values measured in this study could be 
appropriate.  
The samples were filtered through 0.45 m cellulose membrane and samples for cation analysis were 
acidified to pH<2 by adding nitric acid. The water samples were analyzed for cation and anions 
concentration using ICP-AES (PerkinElmer Optima 7300) and IC (Dionex ICS-1500) in KIGAM. 
Samples for oxygen ( 18O) and hydrogen ( D) isotope ratios were collected without head space and 
samples for carbon isotope ( 13C) were precipitated as BaCO3 by adding BaCl2. Isotope ratios were 
analyzed in KBSI (Korea Basic Science Institute).  
4. Result and Discussion 
The average values of cations and anions concentration including temperature, pH, EC, and DO of 
each spring and groundwater well were summarized in Table 1. CO2-rich spring and groundwater samples 
could be classified into two groups by pH and EC. Diluted CO2-rich water (DPs-1, 2, DPw-1, 2, 3, 4, 5) 
were presented low pH and EC  and concentrated CO2-rich water 
(DPw-8 and 10) were shown high EC and moderate pH . In addition, 
ordinary spring and groundwater samples (DPs-3, DPw-6, 7, 9) with moderate pH and low EC (average 
 were also collected in order to interpret the chemistry of groundwater in this 
area.  
Seasonal changes of temperature of CO2-rich water was larger than that of ordinary groundwater wells 
(DPw-6, 7), which indicated that CO2-rich water was affected surface temperature (Fig. 3A). CO2-rich 
spring and groundwater were much shallower than the ordinary groundwater aquifer in this area. 
However, the change of temperature was not correlated with pH and EC of CO2-rich water. This indicates 
that the chemistry including dissolution of CO2 is not correlated with the temperature of water and the 
chemistry of CO2-rich water is rather stable than temperature.  
pH of CO2-rich water increased in the early stage of monitoring but didn t change noticeably after 
September 2009 (Fig. 3B). It is unclear the reason of pH changes of CO2-rich water before September 
2009. The same pH meter was used and pH calibration was performed every sampling campaign. pH 
monitoring on CO2-rich water including geochemical monitoring has been kept doing in order to find the 
better explanation of low pH before September 2009. EC and dissolved major ions of CO2-rich waters 
were not changed significantly during monitoring period except DPw-2 (Fig. 3C, D, E, F, G, H) which 
indicates that reservoir of CO2-rich water was not affected by changes of surface condition and recharged 
groundwater. Temporal changes of EC, cations and anions analyzed in DPw-2 were larger than that of 
other CO2-rich water samples. The water usage of DPw-2 was much higher than that of other CO2-rich 
groundwater wells, thus, the DPw-2 was affected by drawdown of groundwater level and recharge from 
surface.  
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Table 1. The average values for the chemical analysis of CO2-rich waters and periphery groundwater from 
Daepyeong area 
 
 
pH and EC of diluted CO2-rich water from this study area is lowest value among the CO2-rich waters 
from Korea (Fig 1A). EC of diluted CO2-rich water was even lower than that of ordinary groundwater in 
Daepyeong area. pH of CO2-rich water could be buffered by water rock interaction after CO2 input, 
pH and EC of CO2-
 
Major cation such as Ca2+, Na+, and K+ could be originated from the weathering of silicate minerals. 
The relationship between cations and SiO2 was positive in dilute CO2-rich water (Fig. 4). Hydrolysis of 
silicate mineral such as plagioclase and K-feldspar released Na+, Ca2+, and K+ and dissolved SiO2, so the 
positive relations between cations and SiO2 indicating the reaction between the silicate minerals and 
water took place.  
Concentrated CO2-rich water was observed in 1km (DPw-10) 5 km (DPw-8) north of diluted CO2-rich 
water of Daepyeong area. 13C) of concentrated CO2-rich water is -
13C of diluted CO2 rich water is - , which indicates that the CO2 source of concentrated 
CO2-rich water and diluted CO2-rich water could be closely related (Table 1). On the other hand, the 
oxygen and hydrogen isotope ratio plotted on the local meteoric water line, which indicates that the 
source of water is meteoric origin (Fig. 5).  
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Fig. 3. Temporal changes of various kinds of chemical parameters. (A) temperature, (B) pH, (C) EC, (D) Ca2+, (E) Na+, (F) Mg2+, 
(G) HCO3-, (H) Cl- 
G
Fig. 4. Plots of SiO2 versus Ca2+(A), Na+(B), and K+(C). 
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Fig. 5. Oxygen and hydrogen isotope ratio of various kinds of water samples from Daepyeong area 
Therefore, simple mixing model was applied based on the assumption that small amount of 
concentrated CO2-rich water (DPw-8) inflows to the reservoir of diluted CO2-rich water (DPw-4) and 
mixed with recharged groundwater (DPs-3). The mixing ratio was calculated by Cl- ion and mixing 
calculation was performed by PHREEQC. As a result of mixing modeling (calculated DPw-4 pH=6.35, 
TDIC=5.0 mmol/L), low pH and high TDIC concentration of diluted CO2-rich water (DPw-4 pH=4.4, 
TDIC=50.6 mmol/L) was not explained by simple mixing between groundwater (DPS-3 pH=6.3, 
TDIC=1.3 mmol/L) and concentrated CO2-rich water (DPW-8 pH=6.3, TDIC=36.1 mmol/L). Therefore, 
inflow of excess CO2 and/or secondary accumulated CO2 should be applied this system and reacted with 
host rock (Fig. 6A). A batch kinetic model was applied for simulating the ion concentration, pH and 
TDIC of diluted CO2-rich water after reacting with groundwater, rock and high CO2 (50.2 mmol/L). As a 
result of batch kinetic model, Na+ and K+ concentration of DPw-4 sample was reached in about 15 years 
(Fig. 6B, C). This reaction time was agreed with the apparent age of groundwater (32 years) which was 
analyzed by CFC (CFC-113: 19.5 pg/kg).  
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Fig. 6. The conceptual model of input of excess CO2 (A) and the results of kinetic modeling.  
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Conclusively, low EC, dissolved ions and high TDIC contents of dilute CO2-rich water indicate that 
water-rock interaction has been took place in short period of time after input of CO2. The result of this 
study implies that shallow groundwater quality except pH could not change in the early stage of CO2 
leaking from deep CO2 storage formation. The water-rock reaction rate might not be fast enough in 
surface environment then the effect of CO2 leakage on groundwater quality could be limited in 30 years. 
In addition, real-time measurement of pH and EC can be an effective monitoring parameter for 
geochemical monitoring of CO2 geologic storage. They also can be low-priced, time-saving method for 
CO2 leaking monitoring.  
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